In order to improve the adsorption capability of solvent-impregnated resins (SIRs) for vanadium(IV) (V(IV)), the dual extractant (D2EHPA (Di-(2-ethylhexyl) phosphoric acid) and TBP (Tributyl phosphate)) impregnated resins (D-TIRs) were prepared by impregnating Amberlite TM XAD-16HP macroporous resins with the mixed extractant that is composed by different molar ratios of D2EHPA to TBP. The effects of the ratio of D2EHPA to TBP on the performance of D-TIRs were investigated. The results show that the impregnation ratio of the D-TIRs decreases gradually with the increasing proportion of TBP in the mixed extractant. The sole-TBP impregnated resins (TIRs) have no adsorption capability for V(IV), indicating that the adsorption of V(IV) is attributed to D2EHPA. The adsorption capacity of D-TIRs for V(IV) attained the maximum when the ratio of D2EHPA to TBP is 7:3 at pH 1.8, and it can be improved by increasing the extractants concentration during the impregnation process. Adsorption isotherm indicates that the addition of TBP can increase the adsorption capacity of D-TIRs for V(IV) from 24.65 to 29.75 mg/g after 16 h reaction. Adsorption kinetics verifies that the addition of TBP can largely accelerate the adsorption equilibrium of V(IV) onto the D-TIRs and V(IV). Electrospray ionization (ESI) mass spectra and Fourier transform infrared spectra (FT-IR) analysis indicates that the addition of TBP to D2EHPA can make some dimeric D2EHPA change to monomers by breaking the hydrogen bonds of D2EHPA-dimers, leading to the result that the pseudo-second order kinetic for the adsorption of V(IV) onto the D2EHPA impregnated resins (DIRs) converts to the pseudo-first order kinetic for that onto the D-TIRs. Also, D-TIRs have better separation capability of V(IV) from Fe(II) and Al(III) in the vanadium leaching solution than DIRs.
Introduction
Vanadium, which is a rare element with unique physical and chemical properties, is widely used in alloys, catalyst, vanadium redox battery, and aerospace [1, 2] . Sulfuric acid leaching is applied extensively in vanadium extraction from the vanadium-bearing shale due to its high leaching efficiency and its low energy consumption [3, 4] . However, many undesirable impurities, such as Fe and Al, are dissolved in the acid leaching solution together with vanadium [5] , rendering the separation and recovery of vanadium from the complex leaching solution as a necessary process for the production of V 2 O 5 [6] [7] [8] .
Recently, some researchers paid more attention to the separation and recovery of vanadium by using solvent-impregnated resins (SIRs), taking into account of their distinctive selectivity, easy operability and environmental friendliness [9] . Di-(2-ethylhexyl) phosphoric acid (D2EHPA) has been widely used as an excellent extractant for the recovery of vanadium because of its low price, high extraction efficiency, and the effective separation of vanadium(IV) (V(IV)) from impurity ions [10, 11] , therefore it was used by many researchers to prepare SIRs for the separation of vanadium [12] [13] [14] . Liang et al. [12] studied the adsorption and separation of V(IV) from the vanadium leaching solution containing Fe(III) and Al(III) with D2EHPA impregnated resins (DIRs). It was found that the adsorption capacity of DIRs for V(IV) is only 14.43 mg/g after 18 h reaction and that the process is time-consumed. Tang et al. [14] also investigated the vanadium adsorption onto DIRs. The prepared DIRs have adsorption capacity of 19.25 mg/g for V(IV) at the reaction time of 12 h. From the studies mentioned above, it can be seen that the sole-extractant impregnated resins generally need a long time to achieve adsorption equilibrium with V(IV) and they also present unsatisfactory separation capability for the aimed ions, which may limit their application in industry.
TBP (tributyl phosphate) is a widely used surfactant or interface modifier for extractants [15] , which can improve the extraction efficiency and enhance phase separation in solvent extraction [16] . In the solvent extraction of vanadium, TBP is commonly used together with D2EHPA to improve the separation factor for vanadium and impurities [17] [18] [19] [20] . Ma et al. [17] studied the separation of V(IV) and Fe(III) from vanadium-bearing acid leaching solution. They found that V(IV) and Fe(III) can be effectively separated from the solution by fractional extraction with D2EHPA and TBP. Li et al. [18] also recovered vanadium from acid leaching solution using D2EHPA-TBP, and they obtained high-purity V 2 O 5 (99.61%). Cheraghi et al. [20] investigated the thermodynamics and mechanisms of vanadium extraction by a mixture of D2EHPA and TBP. Their results show that TBP in this solvent extraction system can decrease the P=O vibration intensity of D2EHPA as a modifier. In summary, D2EHPA and TBP are often used together for the extraction of vanadium from the complex vanadium-bearing solutions. However, to the best of our knowledge, almost no study focuses on the application of the dual extractant (D2EHPA and TBP) impregnated resins (D-TIRs) in the adsorption and separation of vanadium [9] . The effect of the TBP in the D-TIRs on the adsorption and separation of V(IV) deserves investigation.
In this research, the dual extractant solvent with different proportions of D2EHPA to TBP were used to prepare D-TIRs. The effects of the molar ratio of D2EHPA to TBP on the impregnation ratio and adsorption characteristics of vanadium were investigated. The mechanism of vanadium adsorption onto the D-TIRs was also studied. Our study proposes a novel method to enhance the adsorption performance of SIRs for vanadium.
Materials and Methods

Materials
Macroporous resin, Amberlite ® XAD-16HP, which was supplied by Shanghai Anland Co., Ltd., China, was used as the support for the preparation of D-TIRs. The XAD-16HP resin is fabricated with phenyl ethylene-divinyl benzene and is one non-polar polymer. The properties of XAD-16HP are listed in Table 1 . First, the resin was soaked in ethanol for 12 h to remove the remained monomers and other types of impurities that are produced in the fabrication process, followed by washing with deionized water, and then dried at 60 • C in a vacuum oven for 12 h before use [12] . D2EHPA and TBP were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The petroleum ether with a boiling point range of 60-90 • C (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was used as diluent to dilute D2EHPA and TBP for preparing D-TIRs.
The acid leaching solution of vanadium-bearing shale generally needs reduction by sodium sulfite (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) before solvent extraction because D2EHPA has satisfying separation capability for V(IV) from Fe(II) [21] . Thus, the simulated vanadium leaching solution containing 1500 mg/L V(IV), 3000 mg/L Fe(II), and 6000 mg/L Al(III), which refers to the actual acid leaching solution [8] , was prepared by dissolving vanadyl sulfate (VOSO 4 ·xH 2 O), ferrous sulfate (FeSO 4 ·7H 2 O), and aluminum sulfate hydrate (Al 2 (SO 4 ) 3 ·18H 2 O) in deionized water (Millpore Milli-Q ® , Burlington, MA, USA). The pure vanadium solution containing 1500 mg/L V(IV) was prepared by only dissolving vanadyl sulfate in deionized water. The pH of the solutions was adjusted by sulfuric acid with A.R. grade. Vanadyl sulfate, which was ordered from Alfa Aesar (Tianjin, China) Chemical Co. Ltd., ferrous sulfate hydrate, and aluminum sulfate hydrate, which were obtained from Sinopharm Chemical Reagent Co., Ltd., were all C.P. grade. Other of the chemicals used in this study were of analytical grade.
The vanadium concentration was determined by ferrous ammonium sulfate titration using 2-(phenylamino)-benzoic acid as indicator and the concentrations of other ions in solution were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Optima 4300DV, Perkin-Elmer, Waltham, MA, USA). The pH of solution was measured by pHS-3C digital pH meter (INESA Scientific Instrument Co., Ltd., Shanghai, China). The Electrospray ionization (ESI) mass spectra of D2EHPA and the mixture of D2EHPA and TBP (organic phase) were recorded on an ESI mass spectrometer (LCQadvantage, Thermo Finnigan, San Jose, CA, USA). Fourier transform infrared spectra (FT-IR) of the extractants (organic liquid) were recorded on a Nicolet 6700 spectrometer (Thermo Fisher Scientific Co., Waltham, MA, USA) at room temperature.
Preparation of the D-TIRs
D2EHPA and TBP were firstly mixed according to different molar ratios and were diluted in petroleum ether, then the diluted solutions were mixed with the treated XAD-16HP resins (as the liquid-solid ratio of 20:1 mL·g −1 ) in a constant temperature bath oscillator at a stirring rate of 160 rpm. After shaking for 16 h, the polymer beads were separated by filtration using a Buchner funnel and they were washed with deionized water. Finally, the impregnated resins were evaporated at 60 • C in a vacuum oven for 12 h in order to remove the solvent [12] . The impregnation ratio of the D-TIRs, η (%), i.e., the ratio of the loaded extractants to the D-TIRs, was calculated by Equation (1):
where m 2 is the weight of the dry D-TIRs (g) and m 1 is the weight of the treated dry resins (g). It was confirmed that the ratio of D2EHPA to TBP in D-TIRs is consistent with that in the solvent during the impregnation process by gas chromatography (6890N, Agilent, Santa Clara, CA, USA).
Static Adsorption Experiments
Except for the separation capability experiments, all of the adsorption experiments used the pure vanadium solution. First, 0.5 g dry D-TIRs were added to 25 mL pure vanadium or simulated vanadium leaching solutions in a conical flask, and then the mixture was shaken (160 rpm) at a bath oscillator at 25 • C for different contacting time. Subsequently, the mixture was filtrated. The amount of V(IV) adsorbed onto the SIRs, i.e., the adsorption capacity (Q (mg·g −1 )), the distribution coefficient (D), and separation factor (β) were calculated by Equations (2)- (4), respectively.
where V is the volume of V(IV) solutions (L), C 0 and C e are initial and equilibrium concentration of V(IV) in the solutions (mg·L −1 ), respectively, and m is the weight of the dry D-TIRs that were used in adsorption process (g). D A and D B is the distribution coefficient of V(IV) and impurity ion (Fe(II) or Al(III)) between D-TIRs and solution, respectively. β A/B represents the separation factor of ion A over B.
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where V is the volume of V(IV) solutions (L), C0 and Ce are initial and equilibrium concentration of V(IV) in the solutions (mg·L −1 ), respectively, and m is the weight of the dry D-TIRs that were used in adsorption process (g). DA and DB is the distribution coefficient of V(IV) and impurity ion (Fe(II) or Al(III)) between D-TIRs and solution, respectively. βA/B represents the separation factor of ion A over B.
Results and Discussion
Effect of the Ratio of D2EHPA to TBP on the Impregnation Ratio
The total concentration of the mixed extractant (D2EHPA and TBP) in the solvent (petroleum ether) was kept as 1 mol/L during the impregnated process, and the influence of the ratios of D2EHPA to TBP on the impregnation ratios is shown in Figure 1 . It can be seen that the impregnation ratio of the D-TIRs decreases gradually with the decrease of the proportion of D2EHPA in the solvent (Figure 1 ). This may be caused by the different affinity of the support resin for D2EHPA and TBP. It is well known that D2EHPA is an acidic organophosphorus extractant and it is easy to form the non-polar dimer by hydrogen bond [21] . The non-polar dimer has higher affinity for the non-polar support resin than the polar TBP. Therefore, the impregnation ratio of the D-TIRs will decline with the increasing content of TBP in the mixed extractant. It can be seen that the impregnation ratio of the D-TIRs decreases gradually with the decrease of the proportion of D2EHPA in the solvent (Figure 1 ). This may be caused by the different affinity of the support resin for D2EHPA and TBP. It is well known that D2EHPA is an acidic organophosphorus extractant and it is easy to form the non-polar dimer by hydrogen bond [21] . The non-polar dimer has higher affinity for the non-polar support resin than the polar TBP. Therefore, the impregnation ratio of the D-TIRs will decline with the increasing content of TBP in the mixed extractant.
Effect of Ratio of D2EHPA to TBP on Adsorption of V(IV)
The adsorption capacity for V(IV) (Q e ) was chosen as an indicator to evaluate the adsorption capability of the SIRs that were prepared in Section 3.1. The adsorption capacity of D-TIRs for V(IV) after 16 h reaction at different pH is shown in Figure 2 .
The adsorption capacity for V(IV) (Qe) was chosen as an indicator to evaluate the adsorption capability of the SIRs that were prepared in Section 3. As can be seen in Figure 2 , the adsorption capacity of sole-TBP impregnated resins (TIRs) for V(IV) is zero, indicating that TBP cannot extract V(IV) in the resins, and V(IV) just is adsorbed by D2EHPA in the D-TIRs. Moreover, the D-TIRs with the molar ratio of D2EHPA to TBP = 7:3 exhibit an obviously higher adsorption capacity for V(IV) than other SIRs at wide pH range. The adsorption capacity of D-TIRs (D2EHPA:TBP = 7:3) for V(IV) increase with the increasing pH. According to the previous research [21] , the P-O-H bond in D2EHPA is responsible for the extraction of VO 2+ through a cationic exchange mechanism, which is listed as follows:
where (HR)2 denotes the dimeric form of D2EHPA and the subscript aq and o indicate the aqueous phase and the organic phase, respectively. It can be seen from Equation (5), that with the increase of pH, the concentration of H + decreases and the reaction shifts towards the right, thus the adsorption capacity for V(IV) is increased. The adsorption capacity for V(IV) of the D-TIRs (D2EHPA:TBP = 7:3) can reach 18.1 mg/g, while that of DIRs is only 9.35 mg/g at pH 1.8, indicating that the addition of TBP in D-TIRs can significantly enhance the adsorption capacity for V(IV) after 16 h reaction. Thus, D2EHPA:TBP = 7:3 was selected as the best extractant ratio for preparing D-TIRs and pH 1.8 was selected in the follow-up experiments.
Effects of Extractant Concentration
The concentration of dual extractant (D2EHPA:TBP = 7:3 was fixed) in the solvent was modified in the preparation of D-TIRs to investigate the effect of the extractant concentration on the impregnation ratio and the adsorption capacity for V(IV).
It is indeed possible to improve the resin's impregnation ratio and the adsorption capacity for V(IV) by increasing the concentration of the mixed extractant in the impregnation process ( Figure 3 ). The impregnation ratio of the D-TIRs is approximately linear with the increasing extractant concentration, while the adsorption capacity for V(IV) of the D-TIRs firstly increase rapidly and then it grows slowly with the extractant's concentration. According to our previous research [14] , D2EHPA is preferentially adsorbed in the micropores roughly as wall-spreading to form monolayer films, resulting in the relatively high utilization efficiency of the extractant at the low extractant As can be seen in Figure 2 , the adsorption capacity of sole-TBP impregnated resins (TIRs) for V(IV) is zero, indicating that TBP cannot extract V(IV) in the resins, and V(IV) just is adsorbed by D2EHPA in the D-TIRs. Moreover, the D-TIRs with the molar ratio of D2EHPA to TBP = 7:3 exhibit an obviously higher adsorption capacity for V(IV) than other SIRs at wide pH range. The adsorption capacity of D-TIRs (D2EHPA:TBP = 7:3) for V(IV) increase with the increasing pH. According to the previous research [21] , the P-O-H bond in D2EHPA is responsible for the extraction of VO 2+ through a cationic exchange mechanism, which is listed as follows:
where (HR) 2 denotes the dimeric form of D2EHPA and the subscript aq and o indicate the aqueous phase and the organic phase, respectively. It can be seen from Equation (5), that with the increase of pH, the concentration of H + decreases and the reaction shifts towards the right, thus the adsorption capacity for V(IV) is increased. The adsorption capacity for V(IV) of the D-TIRs (D2EHPA:TBP = 7:3) can reach 18.1 mg/g, while that of DIRs is only 9.35 mg/g at pH 1.8, indicating that the addition of TBP in D-TIRs can significantly enhance the adsorption capacity for V(IV) after 16 h reaction. Thus, D2EHPA:TBP = 7:3 was selected as the best extractant ratio for preparing D-TIRs and pH 1.8 was selected in the follow-up experiments.
It is indeed possible to improve the resin's impregnation ratio and the adsorption capacity for V(IV) by increasing the concentration of the mixed extractant in the impregnation process ( Figure 3) . The impregnation ratio of the D-TIRs is approximately linear with the increasing extractant concentration, while the adsorption capacity for V(IV) of the D-TIRs firstly increase rapidly and then it grows slowly with the extractant's concentration. According to our previous research [14] , D2EHPA is preferentially adsorbed in the micropores roughly as wall-spreading to form monolayer films, resulting in the relatively high utilization efficiency of the extractant at the low extractant concentration. However, with the increasing concentration of the mixed extractant, the extractant is more likely to accumulate in the macropores and/or mesopores as pore-filling, which leads to the higher impregnation ratio but a lower utilization efficiency. As a result, the increment of the adsorption capacity of the D-TIRs for vanadium slows down as the concentration of the extractant exceeds 1.2 mol/L (Figure 3) . It was found that the surface of the resin particles was covered with the mixed extractant when its concentration reached 2.0 mol/L. The extractant on the surface is easy to escape, which may affect the stability of the impregnated resins [22, 23] . Thus, 1.8 mol/L was adopted as the concentration of the mixed extractant for the impregnation process by considering the adsorption capacity and the stability, and the adsorption capacity of the D-TIRs for V(IV) can reach 28.76 mg/g. concentration. However, with the increasing concentration of the mixed extractant, the extractant is more likely to accumulate in the macropores and/or mesopores as pore-filling, which leads to the higher impregnation ratio but a lower utilization efficiency. As a result, the increment of the adsorption capacity of the D-TIRs for vanadium slows down as the concentration of the extractant exceeds 1.2 mol/L (Figure 3 ). It was found that the surface of the resin particles was covered with the mixed extractant when its concentration reached 2.0 mol/L. The extractant on the surface is easy to escape, which may affect the stability of the impregnated resins [22, 23] . Thus, 1.8 mol/L was adopted as the concentration of the mixed extractant for the impregnation process by considering the adsorption capacity and the stability, and the adsorption capacity of the D-TIRs for V(IV) can reach 28.76 mg/g. 
Adsorption Isotherm
The adsorption isotherms were obtained to explore the effect of TBP addition on the adsorption capacity of D-TIRs (D2EHPA:TBP = 7:3 and the total concentration of D2EHPA and TBP is 1.8 mol/L) and DIRs (concentration of D2EHPA is 1.8 mol/L) for V(IV) after 16 h reaction, which are presented in Figure 4 . 
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The adsorption isotherms were obtained to explore the effect of TBP addition on the adsorption capacity of D-TIRs (D2EHPA:TBP = 7:3 and the total concentration of D2EHPA and TBP is 1.8 mol/L) and DIRs (concentration of D2EHPA is 1.8 mol/L) for V(IV) after 16 h reaction, which are presented in Figure 4 . Langmuir and Freundlich isotherms are commonly used to describe the adsorption of metals onto SIRs [24] . The Langmuir and Freundlich models are presented as Equations (6) and (7), respectively,
log Q e = log K F + 1 n log C e
where Q e is the amount of vanadium(IV) being adsorbed onto the SIRs at equilibrium(mg/g), K L is the Langmuir constant, and Q m is the maximum theoretical adsorption capacity of SIRs(mg/g). K F and n are the Freundlich constants for adsorption capacity and adsorption intensity, respectively. From the fitting parameters of Langmuir and Freundlich isotherms (Table 2) , it can be concluded that Langmuir isotherm can better describe the adsorption process of V(IV) onto D-TIRs and DIRs as the coefficient of determination (R 2 ) for the Langmuir isotherm is closer to 1 than that for the Freundlich isotherm. The maximum theoretical adsorption capacity (Q m ) is 29.95 mg/g for D-TIRs and 24.80 mg/g for DIRs, indicating that the addition of TBP can increase the adsorption capacity of D-TIRs for V(IV) after 16 h reaction. 
Adsorption Kinetics
The adsorption capacity of the D-TIRs (D2EHPA:TBP = 7:3 and the total concentration of D2EHPA and TBP is 1.8 mol/L) and the DIRs (concentration of D2EHPA is 1.8 mol/L) for V(IV) at different times are compared in Figure 5 . Langmuir and Freundlich isotherms are commonly used to describe the adsorption of metals onto SIRs [24] . The Langmuir and Freundlich models are presented as Equations (6) and (7) 
e F e Q K C n 1 log = log + log (7) where Qe is the amount of vanadium(IV) being adsorbed onto the SIRs at equilibrium(mg/g), KL is the Langmuir constant, and Qm is the maximum theoretical adsorption capacity of SIRs(mg/g). KF and n are the Freundlich constants for adsorption capacity and adsorption intensity, respectively. From the fitting parameters of Langmuir and Freundlich isotherms (Table 2) , it can be concluded that Langmuir isotherm can better describe the adsorption process of V(IV) onto D-TIRs and DIRs as the coefficient of determination (R 2 ) for the Langmuir isotherm is closer to 1 than that for the Freundlich isotherm. The maximum theoretical adsorption capacity (Qm) is 29.95 mg/g for D-TIRs and 24.80 mg/g for DIRs, indicating that the addition of TBP can increase the adsorption capacity of D-TIRs for V(IV) after 16 h reaction. 
The adsorption capacity of the D-TIRs (D2EHPA:TBP = 7:3 and the total concentration of D2EHPA and TBP is 1.8 mol/L) and the DIRs (concentration of D2EHPA is 1.8 mol/L) for V(IV) at different times are compared in Figure 5 . As can be seen from Figure 5 , the adsorption capacity of two kinds of resins for V(IV) increases with the reaction time. The D-TIRs exhibit shorter equilibrium time than DIRs. The adsorption capacity of DIRs for V(IV) increases rapidly in the first 5 h, and then slows down and still do not reach equilibrium till 36 h. The adsorption of D-TIRs for V(IV) almost linearly increases with the As can be seen from Figure 5 , the adsorption capacity of two kinds of resins for V(IV) increases with the reaction time. The D-TIRs exhibit shorter equilibrium time than DIRs. The adsorption capacity of DIRs for V(IV) increases rapidly in the first 5 h, and then slows down and still do not reach equilibrium till 36 h. The adsorption of D-TIRs for V(IV) almost linearly increases with the increasing reaction time, and it reaches the equilibrium at about 14 h. Because the amount of D2EHPA in D-TIRs is less than that in DIRs, so the saturation adsorption capacity for V(IV) of the former is slightly lower than that of the latter. However, it can be seen that the addition of TBP can significantly accelerate the adsorption rate of V(IV) onto D-TIRs and can reduce the adsorption equilibrium time.
Pseudo-first order kinetic equation (Equation (8)) and pseudo-second order kinetic equation (Equation (9)) are commonly used to depict the adsorption of metals onto SIRs [25] .
In these formulas, Q t is the adsorption capacity (mg/g) for V(IV) onto the resins at any moment, t is the adsorption time (h), k 1 (h −1 ) and k 2 (mol/(L·h)) are the adsorption rate constant of pseudo-first order kinetic equation and pseudo-second kinetic equation, respectively. The linear fittings of the adsorption of V(IV) onto different impregnated resins are shown in Figure 6 , and the fitting parameters are shown in Table 3 . increasing reaction time, and it reaches the equilibrium at about 14 h. Because the amount of D2EHPA in D-TIRs is less than that in DIRs, so the saturation adsorption capacity for V(IV) of the former is slightly lower than that of the latter. However, it can be seen that the addition of TBP can significantly accelerate the adsorption rate of V(IV) onto D-TIRs and can reduce the adsorption equilibrium time. Pseudo-first order kinetic equation (Equation (8)) and pseudo-second order kinetic equation (Equation (9)) are commonly used to depict the adsorption of metals onto SIRs [25] . In these formulas, Qt is the adsorption capacity (mg/g) for V(IV) onto the resins at any moment, t is the adsorption time (h), k1 (h −1 ) and k2 (mol/(L·h)) are the adsorption rate constant of pseudo-first order kinetic equation and pseudo-second kinetic equation, respectively. The linear fittings of the adsorption of V(IV) onto different impregnated resins are shown in Figure 6 , and the fitting parameters are shown in Table 3 . It can be seen from Figure 6 and Table 3 that the adsorption of V(IV) onto the D-TIRs conforms to the pseudo-first order model, while that onto the DIRs subjects to the pseudo-second order model. The reaction rate k1 for D-TIRs is twice as much as that for DIRs, which verifies that TBP can accelerate the adsorption of V(IV) onto the SIRs [25] .
The ESI mass spectra of D2EHPA and the mixture of D2EHPA and TBP, which are shown in Figure 7 , are used to investigate the molecular forms of D2EHPA before and after the addition of TBP [26] . It can be seen that D2EHPA mainly exists as dimers (see the remarkable peak at m/z = 645.0 in Figure 7a ) [26] . However, it is obvious to see that two new peaks appear at m/z = 321.3 and m/z = 531.1, which are assigned to D2EHPA monomers and to TBP dimers, respectively, in the mixture of D2EHPA and TBP (Figure 7b ). This result indicates that part hydrogen bonds linking D2EHPA monomers as dimers (Figure 8a ) may be broken and some D2EHPA dimers are changed to monomeric D2EHPA (Figure 8b ) after the addition of TBP. This also can be verified by the FT-IR spectra of different extractants (Figure 9 ). Table 3 . Fitting parameters of the adsorption of V(IV) onto the SIRs.
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The ESI mass spectra of D2EHPA and the mixture of D2EHPA and TBP, which are shown in Figure 7 , are used to investigate the molecular forms of D2EHPA before and after the addition of TBP [26] . It can be seen that D2EHPA mainly exists as dimers (see the remarkable peak at m/z = 645.0 in Figure 7a ) [26] . However, it is obvious to see that two new peaks appear at m/z = 321.3 and m/z = 531.1, which are assigned to D2EHPA monomers and to TBP dimers, respectively, in the mixture of D2EHPA and TBP (Figure 7b ). This result indicates that part hydrogen bonds linking D2EHPA monomers as dimers (Figure 8a ) may be broken and some D2EHPA dimers are changed to monomeric D2EHPA (Figure 8b ) after the addition of TBP. This also can be verified by the FT-IR spectra of different extractants ( Figure 9 ). In Figure 9 , the peaks at 2292 and 2300 cm −1 are assigned to the O-H vibration [21] . Three strong absorption peaks at 1230, 1234, and 1281 cm −1 were assigned to the P=O vibration [21, 26] . According to Griffiths's theory [27] , the weakening of the hydrogen bonds will increase the electron cloud density and the chemical bond constant of the O-H and P=O bonds, leading the vibration absorption peaks to move to a higher wavenumber. It can be seen from Figure 9 that the vibration absorption peaks of O-H and P=O in D2EHPA shift to higher wavenumbers (2292 to 2300 cm −1 for O-H and 1230 to 1234 cm −1 for P=O) after the addition of TBP, indicating that the amount of In Figure 9 , the peaks at 2292 and 2300 cm −1 are assigned to the O-H vibration [21] . Three strong absorption peaks at 1230, 1234, and 1281 cm −1 were assigned to the P=O vibration [21, 26] . According to Griffiths's theory [27] , the weakening of the hydrogen bonds will increase the electron cloud density and the chemical bond constant of the O-H and P=O bonds, leading the vibration absorption peaks to move to a higher wavenumber. It can be seen from Figure 9 that the vibration absorption peaks of O-H and P=O in D2EHPA shift to higher wavenumbers (2292 to 2300 cm −1 for O-H and 1230 to 1234 cm −1 for P=O) after the addition of TBP, indicating that the amount of In Figure 9 , the peaks at 2292 and 2300 cm −1 are assigned to the O-H vibration [21] . Three strong absorption peaks at 1230, 1234, and 1281 cm −1 were assigned to the P=O vibration [21, 26] . According to Griffiths's theory [27] , the weakening of the hydrogen bonds will increase the electron cloud density and the chemical bond constant of the O-H and P=O bonds, leading the vibration absorption peaks to move to a higher wavenumber. It can be seen from Figure 9 that the vibration absorption peaks of O-H and P=O in D2EHPA shift to higher wavenumbers (2292 to 2300 cm −1 for O-H and 1230 to 1234 cm −1 for P=O) after the addition of TBP, indicating that the amount of In Figure 9 , the peaks at 2292 and 2300 cm −1 are assigned to the O-H vibration [21] . Three strong absorption peaks at 1230, 1234, and 1281 cm −1 were assigned to the P=O vibration [21, 26] . According to Griffiths's theory [27] , the weakening of the hydrogen bonds will increase the electron cloud density and the chemical bond constant of the O-H and P=O bonds, leading the vibration absorption peaks to move to a higher wavenumber. It can be seen from Figure 9 that the vibration absorption peaks of O-H and P=O in D2EHPA shift to higher wavenumbers (2292 to 2300 cm −1 for O-H and 1230 to 1234 cm −1 for P=O) after the addition of TBP, indicating that the amount of hydrogen bonds in D2EHPA may be reduced, which can also be verified by the weakening of hydrogen bonds intensity in the mixture when compared with those in D2EHPA. Thus, some dimeric D2EHPA are changed to the monomeric form, and the reaction between V(IV) and D2EHPA is also changed from Equation (5) to Equation (10):
where HR denotes the monomeric D2EHPA. By comparing Equation (5) with Equation (10), it is easy to see that the monomeric D2EHPA can provide more reaction sites than the D2EHPA dimers, and the reaction sites in the D-TIRs are more sufficient for V(IV) than those in the DIRs. Thus, the adsorption rate of V(IV) in the D-TIRs is faster than in the DIRs (Figure 5) , and the adsorption process is also converted from pseudo-second order process for DIRs to pseudo-first order reaction for D-TIRs because the latter is commonly used to depict the reactions with sufficient reactants [25] .
Separation of V(IV) from Fe(II) and Al(III)
The distribution coefficient of metals and the separation factors of V(IV) over metals onto the D-TIRs and the DIRs were shown in Figures 10 and 11 , respectively. hydrogen bonds in D2EHPA may be reduced, which can also be verified by the weakening of hydrogen bonds intensity in the mixture when compared with those in D2EHPA. Thus, some dimeric D2EHPA are changed to the monomeric form, and the reaction between V(IV) and D2EHPA is also changed from Equation (5) to Equation (10):
The distribution coefficient of metals and the separation factors of V(IV) over metals onto the D-TIRs and the DIRs were shown in Figures 10 and 11 , respectively. The distribution coefficient Fe(II) onto the D-TIRs is lower than that onto the DIRs, indicating that the D-TIRs is more better for the separation of V(IV) from Fe(II) than the DIRs. As can be seen from Figure 11 , the separation factor β V/Al , β V/Fe of D-TIRs are both higher than those of DIRs, which also verifies that the novel impregnated resins, D-TIRs, have a better capability for separating V(IV) from the acid leaching solution. 
Conclusions
